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Interspecies  Variability  in  Propylene  Glycol  Dinitrate-Induced  Methemoglobin  Formation. 
Wyman.  J  F..  Gray.  B.  H..  Lee.  L.  H.,  Coleman1.  J..  Flemming.  C..  and  Uddin.  D.  E.  (1985). 
Toxicol  Appl.  Pharmacol.  81,  203-212.  Interspecies  variability  of  propylene  glycol  dinitrate 
( PGDN' i-induced  methemoglobin  formation  was  studied  in  vitro  employing  erythrocytes  from 
four  separate  species.  The  net  rate  of  methemoglobin  formation  was  significantly  different  among 
species  with  dog  >  guinea  pig  -  rat  -  human.  This  order  of  susceptibility  was  maintained  in 
stroma-lree  hemolysates.  indicating  that  inierspecies  variability  was  not  a  reflection  of  differences 
m  red  cell  membrane  permeability  or  intracellular  transport  of  PGDN.  I  he  erythrocytic  enzymes, 
catalase,  superoxide  dismutase.  glutathione  peroxidase.  6-phosphogluconate  dehydrogenase,  glu- 
cose-b-phosphate  dehydrogenase,  methemoglobin  reductase,  and  glutathione-.V-transferasc.  were 
assayed  by  adaptation  of  existing  methods  to  a  centrifugal  analyzer.  The  above  enzymes  were 
removed  from  hemoglobin  derived  from  each  species  and  the  order  of  susceptibility  to  PGDN- 
induced  methemoglobin  formation  remained  essentially  the  same  w  ith  dog  >  guinea  pig  >  human 
rat  However,  the  net  rate  of  PGDN-mcdiated  oxidation  of  hemoglobin  to  methemoglobin 
increased  in  purified  hemoglobin  preparations  from  each  species.  I  hese  results  demonstrate  that 
there  is  species  variability  in  the  net  rale  of  PGDN-mediated  methemoglobin  formation.  Total 
enzyme  activity  in  erythrocytes  may  contribute  to  reduction  in  the  net  rate  of  methemoglobin 
formation.  However,  the  primary  determinant  of  the  net  rate  of  methemoglobin  formation  induced 
by  PGDN  appears  to  be  the  structure  of  each  hemoglobin  molecule.  <■  ruts  Academic  Press,  inc 


Propylene  glycol  dinitrate  (PGDN.  1.2-pro¬ 
panediol  dinitrate)  is  the  primary  component 

1  I  his  work  was  supported  by  the  Naval  Medical  Re¬ 
search  and  Development  Command.  Research  task 
MR04  I22U1  000.3  I  he  opinions  and  assertions  contained 
herein  are  those  of  the  authors  and  are  not  to  be  construed 
as  official  or  reflecting  the  views  of  the  Navy  Department 
or  the  Naval  Service  at  large  The  experiments  conducted 
herein  were  performed  according  to  the  principles  set  forth 
in  the  current  edition  of  the  "Guide  for  the  (  arc  and  l  sc 
of  laboratory  Animals."  Institute  of  1  aboratory  Animal 
Resources.  National  Research  Council. 

•’  Correspondence  should  Ik  addressed  to  John  I  Wy¬ 
man.  l.C  DR.  MSC.  USN.  ASD/NMRI/T  D.  Building  433. 
Area  B.  Wright-Patterson  AFB.  Ohio  45433. 


of  the  Naval  torpedo  propellant,  Otto  Fuel  II. 
Symptoms  of  PGDN  intoxication,  including 
vasodilation,  hypotension,  headache,  and 
methemoglobin  formation  (Jones  cl  al..  1972; 
Stewart  cl  at.  1974),  are  similar  to  those 
caused  by  other  nitrated  esters  (Ellis  cl  al., 
1984;  St  rein  cl  al.,  1984;  Andersen  and  Mehl, 
1973;  Clark  and  Litchfield.  1969;  Carmichael 
and  Lichen.  1963).  Acute  intoxication  of  an¬ 
imals  with  PGDN  produces  methemoglobin¬ 
emia.  and  the  resulting  anoxia  is  proposed  as 
the  immediate  cause  of  death  (C  lark  and 
Litchfield.  1969;  Jones  cl  a!.,  1972;  Andersen 
and  Mehl.  1973). 
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The  specific  mechanism  of  the  reaction  of 
nitrate  esters  with  hemoglobin  is  quite  com¬ 
plex  and  as  yet  not  well  understood.  Oxidation 
of  human  and  rat  hemoglobin  by  PGDN  has 
been  attributed  to  direct  interaction  of  the 
dinitrate  with  oxyhemoglobin  (Andersen  and 
Smith.  1  7 3 ) .  Other  nitrate  esters  produce 
methemoglobin  b>  cleavage  of  nitrite  from  the 
ester,  followed  by  hemoglobin  oxidation  by 
nitrile  (St rein  cl  a!..  1 984 ).  The  reaction  of 
PGDN  with  hemoglobin  does  release  nitrite 
within  the  erythrocyte  (C  lark  and  Litchfield. 
1969)  and  this  nitrite  may  further  stimulate 
methemoglobin  formation.  Moreover,  deni¬ 
trification  of  nitrate  esters  may  occur  enzy- 
matically  through  glutathione-.V-transferase  or 
nonen/y  matically  by  reaction  with  glutathione 
(Heppel  and  Hilmoe.  1950:  Needleman  and 
Hunter.  1 965;  Chasseaud  cl  at.,  1978).  Mech¬ 
anisms  potentially  exist  for  both  direct  inter¬ 
action  of  PGDN  with  hemoglobin  and  nitrite 
oxidation  of  hemoglobin  to  produce  methe¬ 
moglobin  with  this  nitrate  ester.  Once  initiated 
b\  nitrite,  oxidation  of  hemoglob-n  to  met¬ 
hemoglobin  proceeds  autocataly  tically  as  a  re¬ 
sult  of  superoxide  production  (VVatanabe  and 
Ogata.  1981;  Kosaka  cl  ul.,  1979;  Misra  and 
Eridouch.  1972:  Lynch  cl  a/..  1976.  1977). 

There  is  in  vivo  species  variability  in  the  rate 
of  methemoglobin  formation  follow  ing  PGDN 
exposure,  with  dogs  and  monkeys  being  more 
susceptible  than  rats  or  guinea  pigs  (Jones  cl 
nl .  1972).  Similarly,  interspecies  variability 
was  reported  for  nitrite-induced  methemoglo¬ 
bin  formation  in  isolated  erythrocytes  from 
rats,  sheep,  and  humans  (Calabrese  cl  ul.. 
1983).  Both  of  the  above  studies  suggested  that 
the  observed  differences  in  susceptibility  to 
methemoglobin  formation  may  result  from 
variable  activities  of  erythrocyte  methemoglo¬ 
bin  reductase.  Indeed,  human  erythrocytes 
congenitally  impaired  by  insufficient  methe¬ 
moglobin  reductase  activity  often  contain  el¬ 
evated  methemoglobin  amounts  (Scott.  I960), 
factors  other  than  total  methemoglobin  re¬ 
ductase  enzyme  activity  in  erythrocytes  may 
also  contribute  to  observed  species  variability 
in  net  rates  of  hemoglobin  oxidation.  It  is  pos¬ 


sible  that  antioxidants  in  erythrocytes  from 
different  species,  including  amounts  of  an¬ 
tioxidant  enzymes,  may  contribute  to  reduc¬ 
tion  in  the  net  rate  of  methemoglobin  for¬ 
mation.  Also,  variations  in  amounts  of  glu¬ 
tathione-.V-transferase  may  be  important  in 
releasing  nitrite  from  nitrate  esters,  subse¬ 
quently  affecting  net  oxidation  rates.  Finally, 
species  variation  in  hemoglobin  structure  may 
contribute  to  the  variability  of  PGDN-me- 
diated  oxidation  of  hemoglobins. 

In  this  study  we  determined  if  variability 
existed  in  the  net  rate  of  PGDN-mediated  for¬ 
mation  of  methemoglobin  in  isolated  eryth¬ 
rocytes  from  four  mammalian  species.  In  ad¬ 
dition.  cell-free  and  partially  purified  hemo¬ 
globin  preparations  from  each  species  were 
examined  to  determine  if  net  rates  of  methe¬ 
moglobin  production  varied  among  species. 
Selected  enzyme  activities  in  erythrocytes  from 
each  species  were  also  compared  in  an  attempt 
to  explain  variations  observed  in  PGDN-me¬ 
diated  hemoglobin  oxidation.  Enzyme  profiles 
plus  results  with  cell-free  and  partially  purified 
hemoglobin  preparations  were  examined  to 
determine  the  relative  contribution  of  enzymes 
and  the  hemoglobin  molecule  itself  in  mainte¬ 
nance  of  oxyhemoglobin  upon  exposure  to 
PGDN. 

METHODS 

(  licmii  ill v 

PGDN  was  graciously  provided  by  Mr.  Robert  Sarn- 
comb.  Na\al  Surface  Weapons  (  enter.  Indian  Head. 
Maryland. 

PGDN  was  stored  as  a  MG  solution  in  ethanol  until 
needed,  at  which  time  I  to  3  ml  of  PGDN  was  separated 
front  ethanol  by  extraction  of  ethanol  in  10  to  30  ml  water. 

1  he  purity  of  PGDN  isolated  in  this  matter  was  verified 
by  gas-liquid  chromatography  employing  an  electron 
capture  detector  (I  rk  cl  ul..  1982). 

I ris(hydroxymethyl)aminomethane  and  l-chloro-2.4- 
dinitroben/enc  were  purchased  from  Aldrich  Chemical 
Company  ,  sodium  citrate  was  obtained  from  J.  T.  Baker, 
and  disodium  ethylenediammetetraacclatc  (F.DTA)  was 
from  Fisher  Scientific.  tf-t>-Glucose  6-phosphate.  d-NAD’. 
d-NADP'.  d-NADPH.  cysteine,  glutathione  reductase, 
glycylglycine,  maleirmdc,  phosphogluconic  acid,  pyrogal- 
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lol.  and  sodium  azide  were  purchased  from  Sigma  Chem¬ 
ical  Company.  All  other  chemicals  used  in  this  study  were 
of  reagent-grade  quality. 

Blood  Collection 

Fresh  blood  was  obtained  from  Fisher  344  rats  and 
Hartley  guinea  pigs  by  cardiac  puncture,  under  ether 
anesthesia,  and  from  the  jugular  veins  of  beagle  dogs.  All 
animals  were  housed  in  cages  with  water  and  laboratory 
chow  provided  ad  libitum.  Human  blood  was  collected 
from  brachial  veins  of  volunteers  within  our  laboratory. 
The  anticoagulant  used  in  all  collections  was  citrate-phos- 
phatc-dextrose  (Lee  and  Henry.  1979). 

Erythrocyte  Isolation  and  Hemoglobin  Preparation 

Erythrocytes  were  separated  from  plasma  by  centrifu¬ 
gation  and  washed  three  times  in  Dulbecco's  phosphate- 
butfered  saline  (Dulbccco  and  Vogt.  1954)  or  physiological 
saline.  Hemolysates  were  prepared  by  lysing  red  cells  in 
an  equal  volume  of  1  mM  phosphate  buffer  (pH  7.8). 
Crystallization  of  hemoglobin  solutions  was  prevented  by 
adjusting  the  pH  to  7.8  (dog.  guinea  pig.  and  human)  or 
8.5  (rat).  Red  cell  stroma  was  removed  by  centrifugation 
at  3().(KH).i,’  max  for  30  min. 

Partial  purification  of  dog.  guinea  pig.  and  human  he¬ 
moglobins  was  accomplished  by  ion-exchange  chroma¬ 
tography  with  carboxymethyl  cellulose  cation  exchange 
resin.  Whatman  CM  52  (Lynch  el  ai.  1977).  Stroma-free 
hemoglobin  solutions  were  dialyzed  overnight  against  2 
liters  of  distilled  water.  The  dialysate  (approximately  20 
to  40  ml)  was  diluted  to  500  ml  with  5  mM  phosphate 
buffer  (pH  6.8)  and  added  to  a  column  containing  CM  52 
resin  which  had  been  equilibrated  with  the  same  phosphate 
buffer  (bed  volume  approximately  75  to  125  ml).  Under 
these  conditions  the  hemoglobin  readily  bound  to  the  resin 
with  only  small  amounts  eluting  off  the  column.  The  col¬ 
umn  was  developed  overnight  with  5  mM  phosphate  buffer 
to  ensure  a  clear  column  effluent  after  which  hemoglobins 
were  eluted  from  the  resin  w  ith  I  m  phosphate  buffer  (pH 
6.8).  The  hemoglobin  effluent  was  collected,  the  pH  ad¬ 
justed  to  7.8  with  I  n  NaOH,  and  the  solution  concentrated 
by  ultrafiltration  using  an  Amicon  stirred  cell  concentrator 
with  a  PM  30  membrane  filter. 

Rat  hemoglobin  crystallized  at  neutral  pH.  preventing 
purification  of  this  hemoglobin  by  the  method  employed 
for  the  other  species.  Therefore.  30.000?  max  supernatant 
fractions  from  rat  hemolysates  were  adjusted  to  pH  7  to 
allow  crystallization.  Solutions  were  stored  in  an  ice  bath 
for  approximately  2  hr.  after  which  crystals  were  collected 
by  centrifugation  at  500?  The  supernatant  fraction  was 
decanted,  and  the  crystalline  pellet  was  resuspended  and 
washed  in  an  equal  volume  of  distilled  water  (three  rep¬ 
etitions).  Cry  stals  of  rat  hemoglobin  were  dissolved  by  ad¬ 
justing  the  pH  to  9.3  with  I  n  NaOH.  and  insoluble  ma¬ 


terial  was  removed  by  centrifugation  at  30,000,?  max  for 
10  min.  Resultant  supernatant  fractions  were  dialyzed 
overnight  against  distilled  water. 

In  Vitro  Incubations 

Erythrocytes,  hemolysates,  and  partially  purified  he¬ 
moglobin  preparations  were  i  cubated  in  polypropylene 
tubes  at  37°C  in  a  shaking  w  ter  bath.  The  hemoglobin 
concentration  for  all  incub?  ns  was  approximately  775 
a M  (total  volume  =  5  ml).  ounls  of  PGDN  were  mea¬ 
sured  gravimetrically  (d  ■  16  g/ml  at  20°C)  and  added 

neat(10mM)orindilutio:  thanol(3.  I,  and 0.3  mM), 

with  control  preparations  i  ing  ethanol  only.  Samples 
(0.2  ml)  were  removed  fron  Ihrocyte-PGDN  mixtures 
at  specified  times  during  thv  hr  incubations  and  lysed 
in  0.8-ml  volumes  of  1  mM  losphate  buffer  (pH  7.8). 
From  these  hemolysates  and  ti.  m  partially  purified  he¬ 
moglobin  solutions,  0.3-ml  aliquots  vcre  removed,  diluted 
in  0.4  ml  of  50  mM  phosphate  buffer  (pH  6.6).  and  assayed 
for  met  hemoglobin  as  described  below. 

Analytical  Methods 

Spectrophotometric  assays,  with  the  exception  of  the 
catalase  enzyme  assay,  employed  a  Cobas-Bio  centrifugal 
analyzer  (Roche  Analytical  Instruments,  Inc.).  Assays  were 
adapted  to  the  centrifugal  analyzer  from  previously  re¬ 
ported  methods.  Unless  otherwise  stated,  reagents  were 
prepared  in  distilled  water  and  concentrations  listed  rep¬ 
resent  the  final  concentration  in  the  reaction  cuvette.  The 
specific  program  parameters  employed  are  listed  in  Table 
I .  The  concentration  of  hemoglobin  in  samples  assayed 
for  enzymatic  activity  was  initially  about  50  mg/ml.  The 
specific  dilutions  prepared  for  each  assay  are  describtd 
below. 

Hemoglobin  and  methemoglobin.  The  concentration  of 
hemoglobin  in  whole-cell  preparations,  in  hemolysates. 
and  in  partially  purified  hemoglobin  solutions  was  deter¬ 
mined  with  Drabkins  reagent  (van  Kampen  and  Zijlstra, 
1961).  Prior  to  assay  washed  whole-cell  preparations  were 
lysed  by  osmotic  shock  by  diluting  0. 1  ml  red  cells  with 
0.9  ml  I  mM  phosphate  buffer  (pH  7.8). 

Methemoglobin  was  determined  by  modifying  the 
method  of  Evelyn  and  Malloy  (1938)  to  permit  use  of  the 
centrifugal  analyzer.  The  optical  density  (630  nm)  of  he¬ 
moglobin  solutions  was  measured  with  four  separate  re¬ 
agents.  All  reagents  (total  volume  10  ml)  contained  9.375 
ml  0. 1  M  phosphate  buffer  (pH  6.6);  reagents  I  and  3  con¬ 
tained  0.625  ml  distilled  water,  while  reagents  2  and  4 
contained  0.625  ml  0.4  m  KjFe(CN)6.  Finally.  0.61  mmol 
KCN  was  dissolved  in  reagents  3  and  4,  Total  hemoglobin 
concentrations  were  adjusted  to  about  0.5  #zM  with  50  mM 
phosphate  (pH  6.6)  or  1  mM  phosphate  (pH  7.8)  for  rat, 
and  analysis  was  performed  with  each  reagent  by  the  pro- 
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PGDN-INDUCED  METHEMOGLOBIN  FORMATION 


gram  parameters  listed  in  Table  I .  The  percentage  of  mct- 
hemoglobin  was  calculated  by 


metHb 


rOD,  -  ODj' 


where  metHb  methemoglobin  and  OD  =  optical  density. 
The  net  percentage  of  methemoglobin  formed  by  PGDN 
oxidation  of  hemoglobin  was  calculated  by  subtracting  the 
percentage  of  methemoglobin  in  control  (ethanol-treated) 
hemoglobin  from  that  of  PGDN-treated  hemoglobins. 

Catalase  activity  Catalase  was  determined  by  existing 
methods  ( Beers  and  Sizer.  I  952:  Aebi.  1971).  Samples  were 
diluted  with  0.1  si  phosphate  buffer  (pH  7.0)  so  that  a 
AOD;40  from  0.45  to  0.40  occurred  in  approximately  10 
sec  (Beckman  DK2  uv-vis  spectrophotometer).  The  di¬ 
lution  ratio  for  dog  was  1:10.  for  the  rat  it  was  1:20,  and 
for  guinea  pig  and  human  it  was  1:30. 

Supcraudc  dismutase  /SOD)  CuZn  SOD  activity  was 
measured  employing  a  modified  pyrogallol  autoxidation 
method  (Gray  <•/  <;/ .  1485). 

(ilniatlnon c  peroxidase  Samples  were  diluted  in  an 
equal  volume  of  0.15  M  phosphate  buffer  (pH  7.0)  con¬ 
taining  l-.DTA  (0.15  M  final  concentration).  Hemoglobin 
was  oxidized  to  methemoglobin  by  adding  4  parts  Drabkins 
reagent  about  10  nun  prior  to  beginning  the  assay  I  he 
reagent  mixture  consisted  of  50  mxi  phosphate  buffer.  5 
niM  EDI  A  (pH  TO).  3.7  mxi  sodium  azide.  5  mM  reduced 
glutathione  (prepared  in  50  mxi  phosphate  buffer.  pH  7.0). 
I  el  glutathione  reductase,  and  0.28  mxi  NADPH.  Hy¬ 
drogen  peroxide  (70  *jxi)  was  used  to  start  the  reaction 
( Puglia  and  Valentine.  1467). 

( iliitathii'ne-StranxIeraxe  Samples  were  diluted  in  equal 
volumes  of  l  mxi  phosphate  buffer  (pH  7.5).  The  reagent 
mixture  consisted  ol'0.75  mxi  l-chloro-2.4-dinitroben/cnc 
(prepared  in  ethanol)  and  0. 1  xi  phosphate  buffer  (pH  6.25). 
Reduced  glutathione  was  added  to  start  the  reaction  (Car- 
magnol  et  at  |4g|i 

( i/rii  >  nc-fi- phi  >xpha/e  deli  ydrowna  xe  Samples  prepared 
from  dog.  guinea  pig.  and  human  hemolysates  were  diluted 
with  equal  volumes  of  10  mxi  Tris  butler  (pH  7.5).  Rat 
hemolysales  were  diluted  with  4  vol  of  10  mxi  Tris  (pH 
■\5).  I  n/yme  activity  was  assayed  utilizing  the  method  ol 
Rjchmur  and  Moss  ( 1976).  wrh  a  reagent  mixture  com¬ 
posed  oft  >  I  xi  I  ris  buffer  (pH  7.5).  10  mM  MgCI_--6lLO. 
0  2  mxi  N\DP.  0.7  mxi  d-D-glucosc  6-phosphate,  and  4 
mxi  maleimide. 

tx-fhinplweliuonate  dehydrogenase  Diluted  samples 
prepared  for  the  glucose-6-phosphate  dehydrogenase  assays 
were  used  for  this  determination.  The  assay  used  a  reaction 
mixture  composed  of  50  mxi  givey Iglycine  buffer  (pH  8.6). 
20  mxi  MgCI;,  2  mxi  phosphoglueome  acid.  6.5  mxi  cys¬ 
teine,  and  I  '  mxi  NADPtKing.  1971). 

Methemoglohin  redinia ve  I  he  dilution  ratio  for  sam¬ 
ples.  with  I  mxi  phosphate  butler  (pH  7  8).  was  1:5  for 
dog.  1:10  for  rat  and  human,  and  1 :20  for  euir"-:i  pig.  The 
reagent  mixture  for  this  assay  consisted  of  0.54  mxi  EDTA 
(disodium  salt).  5  mxi  sodium  citrate  (tnsodium  salt).  0. 16 
mM  k  ,Fe<(  N)„.  and  3  5  diaphorasc-frce  hemoglobin 


from  rat.  NADH  (0.2  mM)  prepared  in  I  mM  phosphate 
buffer  (pH  7.8)  was  used  as  the  starter  reagent.  The  assay 
was  adapted  from  the  method  of  Hagesh  et  al  (1968). 

Statistical  Analysis 

Amounts  of  PGDN-induccd  methemoglobin  formation 
in  erythrocytes,  hemolysates,  and  partially  purified  he¬ 
moglobins  from  different  species  were  evaluated  for  sig¬ 
nificant  differences  by  two-  and  three-factorial  multivariate 
repeated-measure  designs  (Dixon,  1983:Timm.  1975).  The 
factors  included  species,  dose,  and  type  of  preparation  with 
time  being  the  repeated  measure.  A  pairwise  Schefle  test 
was  used  to  analyze  differences  within  given  significant 
interactions. 

RESULTS 

In  vitro  comparison  of  the  relative  rates  of 
PGDN-induced  methemoglobin  formation  in 
intact  erythrocytes  from  dog,  guinea  pig,  rat, 
and  human  demonstrated  interspecies  differ¬ 
ences  (Fig.  1).  At  a  concentration  of  10  mM 
PGDN  the  amount  of  methemoglobin  for¬ 
mation  in  dog  erythrocytes  was  significantly 
higher  (/>  <  0.05)  than  that  of  human  eryth¬ 
rocytes  after  1  hr  incubation.  After  2  hr.  dog 
methemoglobin  was  significantly  higher  than 
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TIME  (HRS) 

f  Ki.  I.  PGDN-induccd  methemoglobin  formation  in 
erythrocytes  from  different  species.  Concentration  of 
PGDN  10  mM.  Values  represent  the  v  ±  standard  de¬ 
viation.  and  individual  data  points  for  each  time  period 
are  offset  for  purposes  of  presentation.  See  Methods  for 
specific  details  about  ery  throcyte  preparations. 
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for  hemoglobin  of  all  other  species.  At  3  hr. 
methemoglobin  content  of  guinea  pig  was 
similar  to  that  of  dog  and  different  from  that 
of  human  and  rat.  Methemoglobin  quantities 
in  rat  erythrocytes  were  significantly  higher 
than  human  after  4  hr  (p  <  0.001)  but  re¬ 
mained  below  that  observed  for  dog  and 
guinea  pig.  Under  these  experimental  condi¬ 
tions.  the  net  rate  of  PGDN-induced  methe¬ 
moglobin  formation  was  dog  >  guinea  pig 
>  rat  >  human.  The  relatively  high  amount 
of  methemoglobin  formation  in  dogs  has  been 
previously  reported  in  vivo,  following  chronic 
inhalation  of  PGDN  vapors  (Jones  el  al., 
1972). 

The  net  rate  of  methemoglobin  formation 
was  compared  in  stroma-free  hemolysates  to 
evaluate  whether  differences  in  oxidation  of 
hemoglobins  might  be  attributable  to  differ¬ 
ences  in  the  membrane  permeability  of  various 
red  cells  to  PGDN.  Figure  2  shows  methe¬ 
moglobin  formation  as  a  function  of  time  for 
hemolysates  (30,000#  supernatant  fractions 
prepared  from  erythrocytes  from  each  species). 
The  concentration  of  PGDN  tested  with  775 
mm  hemoglobin  was  3  mM.  Significant  differ¬ 
ences  among  species  were  observed  at  different 
times  during  the  incubation.  Thirty  minutes 
after  the  addition  of  PGDN,  the  net  amounts 
of  methemoglobin  was  significantly  higher  in 
dog  and  guinea  pig  as  compared  to  that  of  hu¬ 
man  and  rat  hemolysates.  Differences  between 
the  amounts  of  methemoglobin  formed  for 
human  and  rat  hemolysates  were  statistically 
significant  after  3  hr.  while  differences  between 
dog  and  guinea  pig  were  significant  after  4  hr 
incubation.  Thus,  after  4  hr  net  methemoglo- 
bin  formation  was  significantly  different  in 
hemolysates  prepared  from  each  species  with 
dog  >  guinea  pig  >  rat  >  human.  The  order 
of  susceptibility  to  methemoglobin  formation 
observed  with  intact  erythrocytes  was  main¬ 
tained  in  hemolysate  preparations. 

Methemoglobin  formation  in  hemolysates 
from  each  species  was  a  function  of  PGDN 
concentration  (Fig.  3).  Significant  differences 
among  species  at  specific  times  during  an  in¬ 
cubation  were  dependent  upon  the  concen- 


TIME  (HRS) 


Fig.  2.  PGDN-induced  methemoglobin  formation  in 
stroma-free  hemolysates  from  different  species.  Concen¬ 
tration  of  PGDN  =  3  mM.  Values  represent  the  .v  ±  stan¬ 
dard  deviation,  and  individual  data  points  for  each  time 
period  are  offset  for  purposes  of  presentation.  See  Methods 
for  specific  details  regarding  preparation  of  hemolysates. 

tration  of  PGDN  employed.  Human  hemo¬ 
globin  was  the  least  susceptible  to  oxidat  on 
by  PGDN  when  the  dose  was  increased. 

Table  2  lists  the  enzyme  activity  determined 
for  erythrocytes  from  each  of  the  four  species. 
Species  with  high  methemoglobin  reductase 
activity  are  not  consequently  better  protected 
against  hemoglobin  oxidation  by  PGDN 
(Jones  el  al.,  1972).  Methemoglobin  reductase 
activity  is  three  times  higher  in  guinea  pig 
erythrocytes  compared  to  that  of  human  and 
rat,  although  the  latter  were  significantly  less 
susceptible  to  methemoglobin  formation  (Figs. 

1  and  2).  Second,  glutathione-S-transferase 
activity  in  dog  and  guinea  pig  erythrocytes  is 
lower  than  that  determined  for  rat  and  human. 
Also,  rat  erythrocytes  possess  a  more  active 
complement  of  antioxidant  enzymes,  includ¬ 
ing  glutathione  peroxidase,  glucose-6-phos- 
phate  dehydrogenase,  6-phosphogluconate 
dehydrogenase,  and  superoxide  dismutase,  as 
compared  with  other  species.  These  results 
suggest  that  rat  erythrocytes  may  be  better 
protected  against  the  oxidation  of  hemoglobin 
to  methemoglobin.  The  lack  of  measurable 


PGDN-INDUCED  METHEMOGLOBIN  FORMATION 


209 


Fig.  1  Formation  of  mcthemoglobin  in  stroma-free  hemolysates  from  different  species  at  varying  PGDN 
concentrations.  Values  represent  the  v  ±  standard  deviation,  and  individual  data  points  for  each  time  period 
are  offset  for  purposes  of  presentation.  See  Methods  for  specific  details. 


catalase  activ  ity  in  dog  ery  throcytes  is  consis¬ 
tent  with  this  suggestion.  In  conflict  with  this 
suggestion  is  the  finding  that  the  antioxidant 
enzyme  profile  of  human  erythrocytes  resem¬ 
bles  that  of  the  guinea  pig.  even  though  human 
hemoglobin  preparations  are  relatively  resis¬ 
tant  to  oxidation  by  PGDN. 

Assays  of  the  rate  of  oxidation  of  partially 
purified  hemoglobin  solutions  from  each  spe¬ 
cies  were  performed  with  1  mM  PGDN  to  de¬ 
termine  the  effect  of  absence  of  these  enzymes 
on  methemoglobin  formation.  There  was  no 
detectable  enzyme  activity  in  hemoglobin 
preparations  prepared  by  column  chromatog¬ 
raphy  as  described  above.  In  addition  to  the 
removal  of  enzymes,  partial  purification  of 
hemoglobin  eliminated  small  molecules  which 


allosterically  affect  stability  within  erythro¬ 
cytes.  Removal  of  these  compounds  may  have 
influenced  the  extent  of  oxidation  of  individ¬ 
ual  hemoglobin  molecules.  The  amount  of 
methemoglobin  formation  in  these  partially 
purified  hemoglobin  preparations  appears  el¬ 
evated  for  all  species,  compared  to  that  ob¬ 
served  for  hemolysates  (Fig.  4).  Differences 
were  statistically  significant  only  for  dog  and 
guinea  pig.  Therefore,  those  species  most  sus¬ 
ceptible  to  PGDN-induced  methemoglobin 
formation  appear  to  be  afforded  the  greatest 
degree  of  protection  by  their  erythrocytic  en¬ 
zyme  complement.  Also,  the  order  of  suscep¬ 
tibility  observed  in  hemolysates.  as  well  as 
whole  cells,  is  not  altered  by  the  removal  of 
erythrocytic  enzymes. 


TABLE  2 

C  omparative  Enzyme  Activity  in  Erythrocytes  from  Different  Species'1 


Animal  species 


Enzyme 

Dog 
(n  =  8)* 

Guinea  pig 
(n  =  7) 

Human 
(n  =  8) 

Rat 

(n  =  6) 

Methemoglobin  reductase 
(ymol  min/g  Hb9 

2.18  ±  0.82rf 

15.5  ±  1.88 

4.66  ±  1.29 

3.59  ±  0.90 

Glutathione-.V-transferase 
(jimol/mm/mg  Mb) 

0.73  ±  0.24 

2.57  ±  0.83 

3.88  ±  1.28 

3.86  +  1.32 

C  atalase 

t^mol/min/mg  Hb) 

ND' 

1 33  ±  40 

188  ±  31 

121  ±  33 

Superoxide  dismutase 
(unit/mg  Hb) 

2.39  +  0.44 

1.66  ±  0.41 

1.90  ±  0.34 

3.98  ±  0.31 

(ilutathionc  peroxidase 
(^niol/min/g  Hb) 

104  ±  20 

66  ±  16 

18  +  9 

606  ±  182 

6-Phosphogluconate 
dehydrogenase  l^mol/ 
mm  mg  Hb) 

2.64  ±  0.62 

3.07  ±  0.51 

3.85  ±  0.29 

5.25  ±  3.02 

( ilucose-b-phosphate 
dehxdrogenase  (n mol/ 
min, 'me  Hb) 

5.31  +  0.99 

5.42  ±  1.04 

5.46  ±  1.54 

19.1  ±  6.45 

“  Vtixitx  for  enzymes  (except  catalase)  was  determined  with  a  Cohas-Bio  centrifugal  analyzer  (Roche  Analytical 
Instruments).  Catalase  activity  was  determined  at  240  nm  in  a  Beckman  DK-2  spectrophotometer. 
h  n  number  of  determinations. 

‘  Mb  hemoglobin 

J  Values  represent  the  \  ±  standard  dexiation. 

'  ND  not  detected. 

DISCUSSION  tors  responsible  lor  varied  susceptibility  to 

methemoglobin  formation  are  primarily  at- 
PGDN  reacts  with  oxyhemoglobin  in  so-  tributed  to  factors  associated  with  the  eryth- 

lution.  resulting  in  oxidation  of  the  molecule  rocyte.  In  partially  purified  hemoglobin  so- 

to  methemoglobin.  The  rate  of  methemoglo-  lutions,  stroma-free  hemolysates,  and  eryth- 

bin  formation  in  hemoglobin  solutions  upon  rocytes.  the  net  rate  of  PGDN-mediated 

addition  of  PGDN  reflects  a  direct  interaction  methemoglobin  formation  follows  the  se- 

with  oxyhemoglobin,  oxidation  of  hemoglobin  quence  dog  >  guinea  pig  >  rat  >  human, 

by  nitrite  released  from  PGDN,  and  autocat-  Thus,  effects  of  variation  in  erythrocyte  mem- 

alytic  oxidations  due  to  active  oxygen.  These  brane  permeability  to  PGDN  among  species 

reactions  collectively  produce  the  methemo-  does  not  account  for  varied  susceptibility  to 

globin  observed  upon  addition  of  PGDN.  En-  methemoglobin  formation.  The  observed  de- 

zymatic  cleavage  by  glutathione-S-transferase  crease  in  net  amounts  of  methemoglobin 

of  PGDN  w  ith  release  of  nitrite  is  not  required  formed  in  dog  and  guinea  pig  stroma-free 

to  initiate  methemoglobin  formation  in  he-  hemolysates  compared  to  partially  purified 

moglobin  preparations.  hemoglobin  solutions  probably  reflects  the 

Interspecics  variability  in  PGDN-mediated  contribution  of  enzymes  and/or  small  molec- 

mcthemoglobin  formation  has  prev  iously  been  ular  weight  allosteric  affectors  present  in  the 

reported  in  vivo  (Jones  ft  <//..  1972).  The  vari-  latter  preparations.  Although  there  was  a  sim- 

ability  among  species  in  vitro,  demonstrated  ilar.  slight  decrease  in  methemoglobin  for- 

in  the  present  investigation,  indicates  that  fac-  mation  in  human  and  rat  stroma-free  hemo- 
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Fit.  4,  C  omparison  of  methemoglobin  formation  in  enzyme-free  hemoglobin  solutions  and  stroma-free 
hemolv  sates  from  different  species.  Concentration  of  PCiDN  =  I  mM.  Values  represent  the  v  ±  standard 
deviation,  and  individual  data  points  for  each  time  pericxl  are  offset  for  purposes  of  presentation.  See  Methods 
for  specific  details 


lysutes  compared  to  hemoglobin  solutions,  the 
decrease'  was  not  statistically  significant.  Thus, 
the  contribution  of  antioxidant  enzymes  in 
human  and  rat  stroma-free  hemolysates  does 
not  appear  to  alter  net  methemoglobin  for¬ 
mation  substantially,  wen  though  the  rat 
erythrocyte  is  comparatively  well-equipped  to 
handle  oxidant  stress.  However,  incubation 
mixtures  were  not  fortified  with  excess  reduc- 
tants  and  cofactors  which,  upon  depletion 
from  the  reaction  mixtures,  may  have  limited 
the  antioxidant  enzyme  activity.  Further 
studies  are  required  to  outline  contributions 
of  specific  enzymes,  as  well  as  allosteric  sta¬ 
bilizers,  to  maintenance  of  oxyhemoglobin 
amounts  in  erythrocytes. 

The  primary  determinant  of  the  relative 
susceptibility  of  different  species  to  PGDN- 
induced  hemoglobin  oxidation  appears  to  be 
the  molecular  structure  of  each  hemoglobin. 
Maintenance  of  the  order  of  susceptibility  to 
methemoglobin  formation  in  each  type  of 
preparation,  erythrocyte,  stroma-free  hemo- 
lysate.  and  enzyme-free  hemoglobins,  lends 
support  to  specific  hemoglobin  structure  con¬ 
trolling  PGDN-mediated  oxidation  rates.  Dif¬ 
ferences  in  hemoglobin  structure  reflect  dif¬ 
ferences  in  globin  chains  of  the  molecule  since 
heme  moieties  arc  identical.  That  structural 
differences  among  animal  hemoglobins  result 
in  different  susceptibilities  to  oxidation  is 


somewhat  analogous  to  observations  with  ab¬ 
normal  human  hemoglobins  of  the  M  and  S 
types,  which,  because  of  congenital  alterations 
in  the  amino  acid  sequence  of  globin  chains, 
are  more  labile  to  oxidation.  The  results  of 
this  study  point  out  the  need  for  careful  selec¬ 
tion  of  an  animal  model  when  studying  toxi¬ 
cant-induced  oxidation  of  hemoglobin.  As¬ 
suming  nitrate  esters,  in  general,  behave  like 
PGDN,  the  animal  model  most  closely  resem¬ 
bling  man  is  rat. 
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